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Electro-Fenton process represents an attractive and effective technology in destroying hazardous and 
organic pollutants. However, the low H 2 0 2 productivity and the narrow working pH range have been 
limiting its further industrial application, in this study, an improved gas diffusion electrode constructed 
by carbon black and PTFE was designed to improve H 2 0 2 productivity. The diaphragm electrolytic device 
was then used to degrade phenol without adding any catalyst. Results showed that the maximum 
concentration of H 2 0 2 was 275.5 mM, which was roughly eight times higher than the value obtained by 
traditional reference cathode. The effects of the operation parameters, such as current density, 
supporting electrolyte, pH, air flow rate, and phenol concentration, on phenol removal were 
systematically optimized. Under the optimum conditions, phenol removal reached almost 100% after 
40 min and the mineralization efficiency in terms of TOC exceeded 85% after 120 min. Experiments 
indicated that the degradation of phenol in the electrochemical process was dominated by radical based 
mechanisms, which was obtained by the electro-generation and the subsequent electro-activation of 
H 2 0 2 at the cathode interface. It is suggested that the electro-activated H 2 0 2 process with less influence 
of pH and ferrous is a potential method for the electrochemical degradation process. 

© 2015 Elsevier Ltd. All rights reserved. 


1. Introduction 

Electrochemical advanced oxidation processes (EAOPs) are 
considered environmentally friendly emerging alternatives for the 
elimination of contaminant caused by a multitude of organic micro 
pollutants in wastewaters [1], Electro-Fenton process, as proposed 
by Brillas et al. [2], is one of the most widely used EAOPs to control 
pollution through redox reactions involving either direct oxidation 
on the electrode surface, or synergistic systems based on an 
oxidant species generated in situ. In this process, hydrogen 
peroxide (H 2 0 2 ) is electro-generated by the two electron reduction 
of oxygen on cathodes surface, while Fe 2+ is added form outside 
and continuous regenerated at the cathode [3] or provided form 
sacrificial cast iron anodes [4]. 

H 2 0 2 + Fe 2+ — Fe 3+ + OH“ + .OH (1) 


* Corresponding author. Tel./fax: +86 755 26032455. 
E-mail address: lichaolin@hitsz.edu.cn (C. Li). 


0 2 + 2H + + 2e- — H 2 0 2 (2) 


Fe 3+ + e~ -> Fe 2+ (3) 


Fe° -► Fe 2+ + 2e~ (4) 

Although the electro-Fenton reaction has been widely consid¬ 
ered for the degradation of polluted waters, it has some drawbacks 
for practical applications in wastewater treatment, i.e„ the low 
ratio of H 2 0 2 productivity and the narrow working pH range [5], 
Furthermore, pH adjustments and Fe 2+ addition, i.e., acidification 
and neutralization before and after treatment, are a complicated 
implementation process and require operating costs [6], Therefore, 
more efficient electrochemical methods on the electro-degrada¬ 
tion of organic pollutant are now under way. 

In the electro-Fenton process, the optimum pH varies from 2 to 
4, since it is essential for iron species [7], Iron species start to 
precipitate as ferric hydroxides at higher pH values [8], Conversely, 
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iron species develop stable complexes with H 2 0 2 at lower pH 
values, leading to deactivation of catalysts [4], As a consequence, 
the optimum pH value is the disadvantage of electro-Fenton 
process, since the pH of most wastewater is not within the optimal 
range [4j. Besides, iron ions may be removed from wastewaters by 
adding alkaline chemicals after the treatment of electro-Fenton 
oxidation, leading to the generation of chemical sludge [9], The 
burden resulted from the sludge treatment is another important 
shortcoming of the Fenton process. 

Recently, it has been declared that • 0I I and sulfate radical 
(S0 4 ~») could be generated via electrolytic activation of H 2 0 2 
[10,11] and persulfate anions [12-14], respectively. Furthermore, 
H 2 0 2 or persulfate anions may be in situ electro-generated by the 
electrolytic process [11,12], The electro-activated persulfate anions 
have been used to dispose aniline [15], dinitrotoluenes [13], 2,4,5- 
trichlorophenoxyacetic acid [ 12 ], wherein the main oxidizing 
agent is supposed to be S0 4 ~», shown as Eq. (5). Similarly, Wang 
et al. [11 ] developed a C/PTFE gas-diffusion cathode to improve the 
H 2 0 2 productivity, and used it to degrade the aqueous organic 
pollutant without adding metal catalyst. It has been demonstrated 
that the decomposition of H 2 0 2 in the warm alkaline solution can 
produce the highly reactive »OH (Eq. ( 6 )) during electrolytic 
process [11,16], Therefore, it is rational to hypothesize that the 
electrolytic process can simultaneously catalyze the production of 
H 2 0 2 by the oxygen reduction reaction as well as the decomposi¬ 
tion of H 2 0 2 to »OH by the electron transfer reaction. 


" S 04 • +S 04 

(5) 

oft+ #oh 

( 6 ) 


Theoretically the performance of the effective destruction of 
pollutants in the indirect electro-oxidation system, i.e„ electro- 
Fenton, substantially dependents on the H 2 0 2 productivity, thus an 
ideal cathode with highly production of H 2 0 2 is vital and becomes 
one major concern in this area [17]. Actually, gas diffusion 
electrodes (GDE) provide an alternative type of electrode to 
improve H 2 0 2 productivity, because it possess porous structures 
with hydrophobic characteristics that allow unlimited supplies of 
oxygen to be delivered to the electrode/electrolyte interface [18], 
The design of a GDE allowed an unlimited supply of gaseous 
reagents to pass through the porous structure to the electrode/ 
electrolyte interface, thus avoiding mass transport limitation of the 
reaction [17,19-21 ]. So far, various reports are available concerning 
the use of GDE for in-situ electrosynthesis of H 2 0 2 . Those reports of 
the GDE were mainly focused on various carbon-based materials, 
and its different modifiers, which have investigated with regard to 
the oxygen reduction reaction (ORR) with the purpose of achieving 


higher currents at less negative potentials [22], However, the 
effects of the cathodes construction were usually neglected. The 
effective conduction of proton/electron and access of reactant gas 
depended on the cathode structure [23], The design of the gas 
diffusion layer was also imperative to the gas transfer and 
waterproof management, while the catalyst layer was crucial to 
ORR kinetics and three-phase interfaces [16]. Consequently, a well- 
designed catalyst layer improved the uniform gas diffusion and 
favored the reaction process [7,23]. In our previous study, we have 
confirmed that the improved GDE was an efficient cathode for 
H 2 0 2 production [24].This paper presents our research on the 
preparation of the improved GDE, and then used to treat the 
aqueous organic pollutant without adding metal catalyst. The 
effects of some critical reaction parameters such as initial pH, 
current density, air flow rate and phenol concentration on the 
phenol removal were investigated. Degradation mechanism of the 
electrolytic process was also proposed. 

2. Experimental 

2.1. Materials 

The carbon black powder (CB, Vulcan XC 72R) was purchased 
from Cabot Corporation and used without any further treatment. 
The nitrogen adsorption isotherm and the particle size distribution 
of the CB samples are presented in Fig. SI. Polytetrafluoroethylene 
(PTFE, 60wt%, Hesen, China) was used as binder. Nafion-117 used 
as the cation exchange membrane was purchased from Dupont 
(New York, USA). 

2.2. Preparation procedures of the improved GDE 

The improved GDE consisted of a titanium meshes and a 
conductive catalytic layer (CCL). Different from traditional GDE 
which comprise by gas diffusion layer and catalyst layer [16,25], 
the CCL simultaneously acted as gas diffusion layer and catalyst 
layer. After being hydrophobic treated by PTFE (60wt%), the 
titanium mesh was used as the matrix. 

The fabrication procedure was in accordance with the method 
described by Luo et al. [24] . The flow diagram is briefly presented in 
Fig. S2. CB powder of 2.0 g was distributed into an appropriate 
amount of ethanol and ultrasonic agitated for 20 min in a beaker, 
followed by dripping 60wt% PTFE suspensions of 0.83 g (CB: 
PTFE = 4: 1) into the blend slowly. After stirred uniformly, the mix 
was still operated with ultrasonic agitation to disperse the carbon 
black and the PTFE to form fine networks of gas channels. The 
blend was stirred and the redundant ethanol was removed to 
obtain a paste. The paste was just rolled on the either side of the 


(a) Reactor I 



(b) Reactor II 


+ 



Aerator 


Fig. 1. Schematic diagram of the two reactor. 
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hydrophobic titanium mesh to be a flat sheet of 0.8 mm thickness. 
Then the flat sheet was thermolaminated by mean of thermal 
compression bonding method to obtain the improved GDE of 
0.5 mm thickness. The pressure and the temperature of the hot- 
pressing process were 10 MPa and 100 °C, respectively. The sheet 
was then sintered for 10 min at 300 °C to sinter the PTFE to form the 
fibrous three-dimensional structure for gas transport. The result¬ 
ing electrode was then cut into 5 cm x 2 cm and about 0.5 mm thick. 
In this study, the improved gas diffusion electrode with 10 cm 2 
(5 cm x 2 cm) was used as cathode and kept its area in the whole 
experimental procedure. 

2.3. Electrolytic procedures 

The electrolytic process was performed in a divided three- 
electrode cell under constant current mode with a potentiostat. A 
cation exchange membrane was utilized to separate the two 
chambers. Three chambers were for anolyte, catholyte and cathode 
gas. The cathodic and anodic cell had a volume of 20 mL and 40 mL, 
respectively. Na 2 S0 4 was used as supporting electrolyte and the 
effects of supporting electrolyte concentration were investigated 
by the constant current mode. The initial pH was adjusted by 
H 2 S0 4 or NaOH. Air was used as oxygen sources. The prepared GDE 
(Section 2.2) used as working electrode and a platinum plate 
(1 cm x 1 cm) was used as the anode. The distance between the two 
electrodes was 2 cm. A schematic diagram of the experimental 
setup is indicated in Fig. 1(a). At specified intervals, 2 mL samples 
were taken to analyze the concentration of H 2 0 2 . The electro¬ 
chemical degradation process without adding any catalyst was 
then performed in the same apparatus using phenol (50mg/L) as 
target pollutant. The samples were taken at certain intervals to 
evaluate the removal efficiency and mineralization efficiency. 

2.4. Analytical methods 

During the electrolytic process, the electrolyte was periodically 
sampled and analyzed. The concentration of H 2 0 2 was tested by a 
chemical titration with an aqueous solution of KMn0 4 /H 2 S0 4 . The 
current efficiency (CE) of H 2 0 2 production, defined as the ratio of 
the electricity consumed by the electrode reaction of interest over 
the total electricity passed through the circuit, was calculated 
following the method in Ref. [24], Phenol concentration was 
measured by 4-aminoantipyrine according to the standard 
methods for the examination of water and wastewater [26,27], 
The mineralization of phenol during the treatment was monitored 
by measuring the total organic carbon (TOC) abatement with a 
Shimadzu VCSH TOC analyser. Mineralization current efficiency 
(MCE, %) was then calculated from the following equation (Eq. (7)) 
[9]: 

MCE(%) = nFV ^ T0 7 C )t x-100 (7) 

4.32 x 10 mlt 

Where F is the Faraday constant (96,487 C/mol), V is the solution 
volume (L), A(TOC) t is the TOC decay (mg/L), 4.32 x 10 7 is the 
conversion factor for units homogenization (3600 s/h x 12,000 mg/ 
mol), m is the number of carbon atoms of phenol and 1 is the 
applied total current (A). The n-values of electrons was taken as 
28 considering that each phenol is converted into C0 2 according to 
the following reaction (Eq. (8)). 

C 6 H 5 OH + 11H 2 0 —> 6C0 2 + 28H + + 28e~ (8) 

For »OH analysis, 20 mL sample was collected after 10 min 
electrolysis without adding phenol under reaction conditions of 
60 mA/cm 2 current density, 0.2 mol/L Na 2 S0 4 , pH 4.0, 40 mL/min 
gas flow rate. The sample was immediately mixed with 20 mL 


0.2 M DMPO to form DMPO-»OH adduct, and was then measured 
by electron paramagnetic resonance (EPR) spectrometer (JEOL, 
Tokyo, Japan). 

3. Results and discussion 

3.1. H 2 0 2 electrosynthesis on the improved gas diffusion electrode. 

A preliminary series of experiments was performed to clarify 
the effects of the cathode structure on H 2 0 2 productivity. Fig. 1 
shows the schematic diagram of the two reactors. Reactor I is the 
proposed novel reactor with the improved GDE. To make a 
comprehensive evaluation on H 2 0 2 production, it was compared 
with reactor II, which was the most traditional GDE used in 
literatures [16j. Differences of the two cathode performances were 
ascribed to the different mechanism through which oxygen 
reached the electronic surface. In conventional electrodes (reactor 
II), the process was controlled by the solubilization of the 
molecular oxygen into the solution and then diffusion from the 
bulk to the cathode surface [28], Therefore, the efficiency of the 
process is mainly limited by the low solubility of oxygen in solution 
[19], Reversely, substituting conventional plane electrodes for the 
improved GDE, H 2 0 2 is formed at the cathode interface without the 
need for the oxygen feed gas to be dissolved in the electrolyte 
solution [29], H 2 0 2 concentration as a function of the electrolysis 



Electrolytic time (min) 

Fig. 2. Effects of current density on (a) H 2 0 2 concentration and (b) current 
efficiency in two different reactors. Reaction conditions: 0.2 mol/L Na 2 S0 4 , 40 mL/ 
min air flow rate, pH 4.0. 
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time at different current density with Na 2 S0 4 of 0.2 mol/L, air flow 
rate of 40 mL/min, and pH of 4.0 is presented in Fig. 2. The results 
indicate that the reactor I gave a remarkably higher production of 
H 2 0 2 with respect to the reactor at various current densities in the 
investigated range. For example, electrolyzed for an hour with 
current densities in 40, 60 and 80mA/cm 2 , the equilibrium H 2 0 2 
concentrations were measured as 198.0, 275.5, and 214.5 mM in 
the reactor I, while as 24.5, 34.8 and 27.4 mM in the reactor II, 
respectively. These results confirm that the novel preparation 
procedure of the improved GDE was an effective way for producing 
high concentration of H 2 0 2 . As seen in Fig. 2(b), the current 
efficiency (CE) under various current density reduces with 
electrolysis time, since the H 2 0 2 accumulated in the electrolyte 




could be decomposed in the electrolytic process [22]. Both of 
reactor 1 and reactor II exhibit a higher catalytic activity toward 
oxygen reduction generating H 2 0 2 at the current density of 60 mA/ 
cm 2 than at 80mA/cm 2 . Higher applied current density means 
higher applied voltage on the electrochemical system, resulting in 
more side reactions of four - electrode reaction (Eq. (9)), hydrogen 
evolution (Eq. (10)) and decomposition reaction (Eq. (11,12)) [22], 

0 2 + 4H + + 4e- -> 2H 2 0 (9) 


2H + + 2e~ —> H 2 (10) 





Fig. 3. Effects of various factors on phenol removal: (a) current density, (b) supporting electrolyte, (c) initial pH, (d) air flow rate, (e) phenol concentration. Primary reaction 
conditions: 0.2 mol/L Na 2 S0 4 , 40 mL/min air flow rate, pH 4.0. The optimum condition for phenol removal was used as the initial condition from (a) to (e). 
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Acidic medium : H 2 0 2 + 2H + + 2e —> 2H 2 0 (11) 


Alkalic medium : H 2 0 2 + H0 2 ^H 2 0 + 0 2 + 0H (12) 

3.2. Degradation of phenol by the improved GDE 

Theoretically, the performance of the effective destruction of 
pollutants in indirect electrochemical technologies is substantially 
dependent on the generated H 2 0 2 and »OH [4,10,17]. The main 
limitation, referred to the low H 2 0 2 yielded in situ, is likely to be 
resolved in our present work, and thereby opening up the 
possibility for organic degradation with high-efficiency in elec¬ 
trochemical technology. 

3.2. t. Effect of current density 

To verify the effects of current density on phenol removal, a 
further series of electrolysis was conducted in selected potentials 
in a range from 40 to 100mA/cm 2 . The results are presented in 
Fig. 3(a). Phenol removal improved initially with the increasing 
current density, and the highest phenol removal was achieved at 
current density of 80 mA/cm 2 . Comparing with the change of H 2 0 2 
concentration in our previous study [24], different trends appeared 
on phenol removal. In spite of a relatively high H 2 0 2 concentration 
obtained at a current density of 40 mA/cm 2 , a poor phenol removal 
was obtained. Conversely, phenol removal at current density of 
80 mA/cm 2 was higher than that of current density of 60 mA/cm 2 , 
which was exactly contrary to the change of the H 2 0 2 concentra¬ 
tion. It suggests that the phenol removal is not directly related to 
the proportion of the H 2 0 2 concentration within high-level scope. 
Electro-generation of H 2 0 2 , coupling with the side reactions, are 
occur simultaneously in the whole electrolysis process. Moreover, 
those side reactions could be further intensified by increasing 
current density. As a results, H 2 0 2 concentration decreased when 
the current density exceed 60mA/cm 2 . As seen in section 3.3, the 
degradation of phenol was depend on »OH, which generated by the 
electro-activation of H 2 0 2 . Therefore, increasing current density 
was beneficial to the generation of »OH. 

3.2.2. Effect of supporting electrolyte 

At low concentration of supporting electrolyte, because of the 
low electrical conductivity, higher voltage was required to reach 
the desired current density [4]. Therefore, supporting electrolyte is 
required, especially in the solution without enough conductivity. 
Na 2 S0 4 was selected as the supporting electrolyte in our study and 
the concentration varying from 0.05 mol/L to 0.30 mol/L was used 
to examine the effect on phenol removal. As showed in Fig. 3(b), an 
increase of Na 2 S0 4 up to 0.20 mol/L leads to the enhancement of 
phenol removal. The phenomenon could be interpreted from two 
aspects. First, the increase in electrolyte concentration at lower 
ranges would conduce to the increase in mass transfer and 
decrease in energy consumed [30] Moreover, increasing conduc¬ 
tivity was favorable for decreasing cell voltage so as to reduce the 
hydrogen evolution [31], Nevertheless, Na 2 S0 4 concentration 
above 0.2 mol/L led to a decrease tendency in phenol removal. 
The addition of excess S0 4 2 ~ may be absorbed on the surface of the 
electrode and thus minimize the number of the active site of 
electrode [32], hindering the generation of H 2 0 2 and »OH. 
Meanwhile, S0 4 2 ~ anion could react with »OH (Eq. (13)), which 
reduced the »OH concentration and thus downgraded the electro¬ 
oxidation of phenol [30], 

SO 2 - + *OH + H + -> 'S0 4 + H 2 0 


3.2.3. Effect of pH 

The pH is one of the most important factors for the Fenton 
process because it is essential for iron species [4j.The optimum pH 
for the electro-Fenton process is limited to a narrow working pH 
range. In order to weaken its limitation, the novel electrochemical 
oxidation device with the improved GDE was used without adding 
metal catalyst. The effects of initial pH on phenol removal are 
shown in Fig. 3(c). The results indicate that the novel electrolytic 
system could work effectively within the experimental range. The 
optimal pH for phenol removal was obtained in 4.0, while pH 
1.0 was the worst. A cation exchange membrane (Nafion-117) was 
utilized to insulate the two electrolytic baths. The variation of pH 
values with electrolytic time in the anodic and cathodic cell were 
presented in Fig. 4. Regardless of the original pH levels, the pH 
value reduced rapidly to less than 1.0 in anode cell after 10 min 
electrolysis, since the electrolysis of H 2 0 releases protons and 
oxygen gas at the anode cell [33], For the cathode cell, the pH 
rapidly became to alkaline when the initial pH above 4.0, while the 
initial pH below 2.0 kept the electrolyte acidic in the whole 
electrolytic process. It has been reported that H 2 0 2 could be 
electrochemically generated by ORR not only in alkaline solution 
(Eq. (14)), but also in neutral or acidic solution (Eq. (15)). 

Alkaline medium : H 2 0 + 0 2 + 2e —> H0 2 - + OH - (14) 


Acidic medium : 0 2 + 2H + + 2e —> H 2 0 2 (15) 

The results showed that the alkaline medium was more 
favorable to the efficiency of phenol degradation than that in 
the acid medium. It is well-known that the degradation of organic 
pollutants was attributed to the cooperative oxidization processes 
of H 2 0 2 and free radicals, which produced by the reduction of 
oxygen and catalyze by various catalysts, respectively. Further¬ 
more, in an alkaline electrolyte, H 2 0 2 could be converted to H0 2 -, 
HO» and 0 2 » as follows [ 17 ] : 

H 2 0 2 + 0H ^H 2 0 + H0 2 - (16) 


H 2 0 2 + H0 2 ^H0* + 0 2 -* + H 2 0 (17) 

The oxidizing power of H0 2 -, HO» and 0 2 » were stronger than 
H 2 0 2 , which could oxidize phenols to smaller molecule inter¬ 
mediates and end up as C0 2 and H 2 0 [10], Hence, the cathode 



(13) 


Fig. 4. pH variation as the function of electrolytic time at various initial pH. 
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electrochemical degradation of phenol in alkaline media was more 
conducive than that in acidic media without adding any catalyst. 
Several constant pH values (pH=1.0, 2.0, 4.0, 7.0 and 10.0) of the 
anolyte and catholyte were selected to investigate the effect of pH 
on phenol degradation. As shown in Fig. 5, the degradation 
efficiency at pH=10.0 was best, which consistent with the previous 
conclusion that the degradation efficiency was higher at alkaline 
conditions. Besides, lower synthesis rate of H 2 0 2 at pH=1.0 and 
7.0 causes lower degradation rate of phenol. 

3.2.4. Effect of air flow rate 

The effects of air flow rate on phenol removal are presented in 
Fig. 3(d). Phenol removal increased initially with air flow rate 
increase, and the highest phenol removal was achieved at 40 mL/ 
min. When air flow rate went beyond optimum, the phenol 
removal declined. This phenomenon could be explained by two 
mechanisms [24]: (a) oxygen demand, increasing the air flow rate 
increases oxygen content at the cathode surface, and (b) mass 
transfer, it was physically analogous to increase the stirring rate. 
Based on the above analysis, low air flow rate, e.g. 20 mL/min, led to 
insufficient oxygen for H 2 0 2 production and insufficient stirring 
speed for H 2 0 2 transfer from the electrode surface to avoid its 
decomposition. On the other hand, superfluous gas flow rates, e.g. 
>40 mL/min, the mass transfer between the electrolyte and 
cathode surface could be increased, but what probably more 
important is the resistance of the medium increased with the 
excessive mass of bubble in the constant potential system [34,35], 
It will reduce the contact between the active site and the 
electrolyte, resulting in the low catalytic efficiency. 

3.2.5. Effect of phenol concentration 

Three initial concentrations (50,100 and 200mg/L) were used 
to verify the effects of phenol concentration on its degradation 
kinetic during the electrolytic process. The results are provided in 
Fig. 3(e). It is apparent that the removal rate of phenol was highest 
at 50 mg/L and the same phenol removal was achieved at longer 
time when its initial concentration rose, as expected from the 
presence of a greater number of organic pollutant. However, the 
removed quantity of phenol increased with initial concentration 
increasing. This difference in removal rate was due to the gradual 
acceleration of competitive reactions between the oxidizing agent 
and the oxidation intermediates of organics formed during the 
electrolytic process [36,37], Considering the quantum yield, it 
could be inferred that more phenol concentration increased, more 



Electrolytic time (min) 

Fig. 5. Effects of constant pH of the anolyte and catholyte on phenol removal. 
Reaction conditions: 60mA/cm 2 current density, 0.2mol/L Na 2 S0 4 , 40 mL/min air 
flow rate. 


the probability that a molecule of phenol reacted with the 
oxidizing agent [38]. This accelerated the initial rate and thus the 
number of molecules reacted. On the contrary, the degradation 
efficiency decreased with the phenol concentration because it was 
faster to degrade at 50 mg/L than 100 mg/L in agreement with a 
review about a possible confusion between conversion and 
reaction rate. 

3.3. Proposed mechanisms of phenol degradation 

To illustrate the mechanisms of phenol degradation by the 
electrochemical process, a series of comparative experiments were 
carried out: (a) sole-H 2 0 2 (1.0wt% contained) as oxidant in a 
beaker experiment, (b) nitrogen as gaseous sources, (c) nitrogen as 
gaseous sources and H 2 0 2 added externally (1.0wt% contained), 
and (d) air as gaseous sources. The results are compared in Fig. 6. It 
can be obviously seen that negligible phenol removal was observed 
when phenol was treated by sole-H 2 0 2 as oxidant, because of its 
limited oxidization power (E 0 = 1.76 V) [39], which hardly degraded 
phenol. In comparison, nitrogen was used as the gas source for 
phenol removal under the optimum conditions. Less than 5% 
phenol removal was achieved by the electrolytic process feeding 
with nitrogen under tested conditions within 60 min. The poor 
degradation efficiency can be attributed to the scarcely any 
oxidizing substances as a result of the poor H 2 0 2 produced in the 




Fig. 6. (a) Effects of different systems on phenol removal, (b) EPR spectra of .OH 
radicals trapped by DMPO in the cathodic compartment. Reaction conditions: 
current density of 60 mA/cm 2 ,0.2 mol/L Na 2 S0 4 , pH 4.0, gas flow rate of 40 mL/min. 
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electrolytic process. The results also demonstrated that H 2 0 2 was 
scarcely produced by feeding nitrogen. A slow and incomplete 
phenol decay (about 30%) was achieved by the combined nitrogen 
as gaseous sources and 1.0 wt% H 2 0 2 added externally within 
60 min, which demonstrates that the electrolysis can also be a 
useful alternative to activate the formation of »OH. Moreover, the 
rated constant within the first 10 minutes was far higher than that 
at the later time. This phenomenon is ascribed to the fact that H 2 0 2 
added from outside is more inclined to decompose into water than 
•OH radicals [27]. In contrast, the electro-generated and electro- 
activated H 2 0 2 process demonstrates the fastest and nearly 
complete phenol degradation within 40 min, with the rate 
constant reached at 0.083 min -1 . 

For the Fenton process, it is generally assumed that »OH radicals 
can be produced by the reaction between H 2 0 2 and Fe 2+ in acidic 
medium [9], However, it is important to stress that, without any 
metal catalyst, the »OH was electro-activated on the interface of 
the improved GDE during the electrolytic process in our work. As 
shown in Fig 6(b), the typical EPR spectrum obtained after 10 min 
electrolysis in the DMPO solution. The characteristic spectrum of 
•OH with hyperfine coupling constants of a N = a H =14.0 G and g- 
values = 2.0065 was clearly observed, confirming that the quartet 
signal is DMPO-OH* adduct [40]. Moreover, the intensities by 
feeding air were much higher than those by feeding N 2 and adding 
H 2 0 2 . This is attributed to that H 2 0 2 electro-generated in situ is 
more efficient contact with the surface of the cathode, which 
significantly contributed to the electro-activation of H 2 0 2 . Wang 
et al. [11] also proved the similar conclusion by the electron spin 
resonance spectrum (ESR) experiments, and the more H 2 0 2 yield, 
the more conducive to organic contaminant degraded. Compared 
with H 2 0 2 concentration of 8 mg/L produced in Pd/PTFE or C/PTFE 
gas diffusion cathode [11], more than 275.5 mM H 2 0 2 was 
accumulated in present work, leading to a shorter time for phenol 
removal as a result of more »OH produced. In summary, the 
mechanisms of the electro-generated and electro-activated H 2 0 2 
process are proposed in Fig. 7. First, H 2 0 2 was electro-generated by 
the two-electron reduction of oxygen on the improved GDE 
interface. H 2 0 2 was then electro-activated to »OH via electron 
transfer reaction [11], as showed in Eq. (8). H 2 0 2 was electro¬ 
generated in situ, and immediately electro-activated via the 
electron transfer reaction to form »OH radicals. Therefore, phenol 
was effectively degraded. 

3.4. Phenol mineralization 



Electrolytic time (min) 

Fig. 8. Evolution of the normalized concentration of TOC and MCE. Reaction 
conditions: current density of 60 mA/cm 2 ,0.2 mol/L Na 2 S0 4 , pH 4.0, gas flow rate of 
40 mL/min, 100 mg/L phenol. 


optimum conditions found previously. The results are showed in 
Fig. 8. After 120 min of treatment, more than 85% TOC were 
removed, indicating that almost all the organic matters were 
completely degraded to C0 2 and water. High TOC removal 
efficiency can be mainly explained by the larger extent minerali¬ 
zation. Comparing with the previously reported studies, it is 
observed that the mineralization rate using the method of the 
electro-activated H 2 0 2 is less than that of the Fenton process [1,41 ]. 
This phenomenon can be attribute to that H 2 0 2 is more likely to be 
activated by ferrous than electron transfer. Besides, a comparable 
mineralization rate compared to the novel Pd/C gas-diffusion 
electrode which the Pd can decompose H 2 0 2 to »OH via a Fenton¬ 
like reaction [25]. During the electrolytic process, it is observed 
that a color change from colorless to brown, and then changed to 
light yellow and clear finally. This phenomenon was also noted by 
other authors [42,43], The pathway of phenol degraded by »OH has 
been concretely investigated [42,44,45], thus the degradation 
intermediates were not identified in this study, but were supposed 
to be similar to those reported. 


The complete disappearance of specific organics does not imply 
that all the organic compounds presents in the wastewater have 
been degraded [36], since various oxidation reaction intermediates 
could be formed during the electrolytic process. Therefore, the 
mineralization of organic matter was monitored measuring the 
TOC during the electrolysis of 100 mg/L phenol solution under the 



H 2 0 2 + e” -» 0H“ +• OH 
(Electro-activation) 


0 2 + 2H + + 2e~ -> H 2 0 2 
(Electro-generation) 


Fig. 7. Proposed mechanisms of the electro-generated and electro-activated H 2 0 
process on the degradation of phenol. 
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4. Conclusion 

This study described an efficient method for preparing an 
improved GDE. The improved GDE not only has a high performance 
for H 2 0 2 yield, but also effectively degrade phenol without any 
metal catalyst. Using the improved GDE for in situ electrosynthesis 
of H 2 0 2 , the maximum concentration was 275.5 mM. The optimal 
conditions for phenol removal were current density of 80 mA/cm 2 , 
Na 2 S0 4 of 0.2 mol/L, pH of 4.0 and air flow rate of 40 mL/min. 
Phenol removal reached about 100% after 40 min and removal 
efficiency of TOC exceeded 85% after 120 min under the optimal 
conditions. Together with compared experiments, results verified 
that »OH generated by electro-activated H 2 0 2 in the cathode 
interface was the principal oxidizing power for phenol removal. It 
is therefore suggested that the electrochemical process including 
the electro-generated and electro-activated H 2 0 2 in the improved 
GDE interface is a potential method for treatment of organic 
pollutants in wastewater. Chemical and physical properties need to 
be investigated to explain the functional process of the improved 
GDE in future studies. 
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